Nanocrystalline austenite having fully annealed and equiaxed morphology, grain sizes varying from 400 nm to 1.7 µm, and a large fraction of high-angle grain boundaries was prepared in Fe24Ni0.3C (mass%) alloy by high-pressure torsion and subsequent heat treatment. The nanostructures were formed through reverse transformation of deformation-induced martensite and recovery/recrystallization of retained austenite. The austenitic grain size decreased with increasing shear strain below the strain of 50, while it increased above the shear strain of 50 due to decreased austenite-transformation starting temperature.
Introduction
In the last decades, ultrafine-grained materials have been attracting the interest of materials researchers because of their significantly higher strength than coarse-grained counterparts. Several severe plastic deformation (SPD) methods including accumulative-roll bonding, 1, 2) equalchannel angular pressure 3) and high-pressure torsion (HPT) 4) have been developed to prepare ultrafine-grained materials. However, the ultrafine-grained materials fabricated by SPD usually had deformation structure and exhibited low ductility due to early plastic instability caused by their high yield strength and small work hardening capability. 57) Therefore, increasing the ductility of the ultrafine-grained materials prepared by SPD has become one of the hot topics in the field of nanostructured metallic materials. One of the ways to achieve this would be to make fully recrystallined microstructures. Although annealing treatments have been applied to several SPD-processed materials, the minimum mean grain sizes of the fully recrystallized (annealed) microstructures were already above 12 µm. 5, 6) In the present study, we have succeeded in fabricating nanostructures having fully recrystallized morphologies in an FeNiC metastable austenitic steel by the combination of SPD and subsequent reverse transformation from deformation-induced martensite to austenite. Combination of deformation-induced martensitic transformation and reverse transformation in subsequent heat treatment has been proposed as an effective way to obtain ultrafine-grained structures in metastable austenite. 811) Takaki et al. obtained austenite structure with grain size below 1 µm in a 16Cr10Ni (mass%) steel and an 18Cr9Ni (mass%) steel through 90% cold rolling and subsequent heat treatment at 650°C for 0.6 ks. 10, 11) They used reverse transformation of cold-rolled martensite in order to obtain ultrafine-grained austenite structures. However, these microstructures contained (at least partially) dislocation cells and subgrains. The fully recrystallized (annealed) structures of single-phased austenite they could obtain had the mean grain size of 2.5 µm in a 16Cr 10Ni (mass%) steel and 1.8 µm in an 18Cr9Ni (mass%) steel already. In case of the 18Cr9Ni steel, futhermore, the structure included some portions of cold-rolled and tempered martensite which had not yet reversely transformed to austenite. Therefore, sub micrometer grain sizes of fully annealed austenite have not yet been obtained by this method, probably because of the limited strains that can be applied by conventional metal working processes. The nanocrystalline metastable austenite is also expected to show a good balance of strength and tensile ductility, since it has been known in conventionally coarse-grained materials that deformation-induced martensite appearing during tensile deformation delays plastic instability (i.e., necking propagation), leading to large tensile elongation, which is called transformation induced plasticity (TRIP).
12) The purpose of this study is to prepare the nanocrystalline austenite with fully annealed morphology, which would be used for the studies on mechanical properties including TRIP of nanocrystalline austenaite in future.
Experimental
An Fe24Ni0.3C (mass%) alloy was used in this study. The chemical composition of this alloy is listed in Table 1 . The as-received material had fully austenitic structure with an average grain size of 35 µm. Disc-shaped specimens of 10 mm in diameter and 0.85 mm in thickness were cut from the as-received sheets by discharging wire-cutting machine and were mechanically polished with emery papers. The specimens were processed by HPT up to 2, 5 or 10 rotations at a speed of 0.2 rpm (rotation per minutes) under a pressure of 7.5 GPa at ambient temperature. The anvils and specimen were lubricated with molybdenum disulfide. The HPTprocessed specimens were heated from ambient temperature to 620°C at a heating rate of 10°C/min in a differential scanning calorimeter (DSC, Shimadzu 600) to measure the austenite-transformation starting (A s ) temperature. To induce the reverse transformation to austenite, the HPT-processed specimens were subsequently heat-treated at the temperatures of 530, 550 or 570°C for 600 s in a salt bath and then cooled in air. The transverse areas perpendicular to the rotation axis 
RAPID PUBLICATION
at a radial distance of 3.0 mm from the center of the HPTprocessed and heat-treated specimens were observed by transmission electron microscopy (TEM) in JEOL 2010 operated at 200 kV. The transverse areas at a distance of 0.5 and 3.0 mm from the center of the heat-treated specimens were characterized by field emission scanning electron microscopy (FE-SEM) in FEI XL30S-FEG equipped with an electron backscattering diffraction (EBSD) system. The grain size was measured by linear interception method on the obtained EBSD maps. The twin boundaries were treated as high-angle grain boundaries (HAGBs) in the measurement and were included for determining the mean grain size. The specimens for TEM and EBSD observation were mechanically polished first and then electro-polished in an electrolyte (90% ethanol + 10% perchloric acid, vol.) at ¹20°C with a voltage of 15 V. The corresponding shear strain £ in the observed areas is calculated by the formula shown below,
where N is the number of rotation, R is the radial distance from the center and h is the thickness of the HPT specimen. Figure 1 shows TEM images and corresponding selected area electron diffraction (SAED) patterns of the HPTprocessed specimens at the radial positions corresponding to shear strains of 44.4 and 222, respectively. After HPT processing by a shear strain of 44.4, a lamellar structure elongated along the shear direction was observed in Fig. 1(a) . The spacing between neighboring lamellar boundaries was around 10 to 20 nm. Similar microstructure was also observed in the HPT-processed specimen at the position with a shear strain of 111. Nanostructures without clear boundaries are seen in the specimen deformed by a shear strain of 222 in Fig. 1(c) . At the early stage of HPT processing for pure metals, the original coarse grains are subdivided into smaller structural units by deformationinduced boundaries. With the increase in shear strain, the generation and annihilation of dislocations reach to a steady state, and no great change in microstructure occurs. 4, 13) However, the microstructural evolution in the metastable austenite during HPT was different from that in pure metals since martensitic transformation was induced by deformation. The appearance of martensite would postpone the saturation in microstructural evolution. In Fig. 1(b) , the SAED pattern of the specimen HPT-processed by a shear strain of 44.4 indicated the existence of both BCC and FCC phases, which corresponded to deformation-induced martensite and retained austenite, respectively. After HPT processing by a shear strain of 222, austenite could be still recognized in Fig. 1(d) . The results mean that the HPT-processed specimens in the present investigation have mixed structures of deformationinduced martensite and retained austenite. Figure 2 shows phase and grain boundary maps obtained by EBSD observation of the specimens HPT-processed to different strains and subsequently heat-treated at 530 or 570°C. Figure 2(g) illustrates the observed areas in the specimens. The phases in the specimens are presented by the background color; the gray color represents austenite and the green indicates martensite. Boundaries with misorientation between 2 and 15°are defined as low-angle grain boundaries (LAGBs), indicated by red lines, and those having misorientation larger than 15°are defined as HAGBs, drawn in black lines. Twin boundaries (3) are indicated by blue lines. Boundaries with misorientation below 2°were removed to increase the accuracy in EBSD analysis. In Fig. 2 , the color of the phase maps showed that all the specimens were composed of fully austenite phase, indicating the completion of reverse transformation from the deformation-induced martensite. The austenite grains were well defined by highangle grain boundaries and had equiaxed morphologies. The grain size was mostly below 1 µm. The austenite structure in all the specimens has a large fraction of HAGBs. The fraction of HAGBs in the specimens heat-treated at 530°C was 0.850.92 and the fraction of annealing twin boundaries was 0.090.15 (Figs. 2(a)2(c) ), while the fraction of HAGBs in the specimens heat-treated at 570°C was 0.91 0.94 and the fraction of annealing twin boundaries was 0.20 0.22 (Figs. 2(d)2(f ) ). In Figs. 2(a) and 2(d) , the grain size distribution was homogeneous, but the abnormal grain growth seemed to start at 570°C, especially in Fig. 2(f ) showing some large austenite grains. Figure 3 shows a TEM microstructure of the specimen HPT-processed to a shear strain of 44.4 and subsequently heat-treated at 530°C for 600 s. Nanocrystalline austenitic grains with equiaxed morphology are observed. No second phases such as fine carbides and retained austenite, were observed in the annealed specimens. The austenitic grain size is around 500 nm and they show a homogeneous distribution, which is consistent to the EBSD result shown in Fig. 2(a) . Meanwhile, austenite grains with clear boundaries and a nano-sized twin in a bright austenite grain (pointed out by a white arrow) are observed. The austenite grains seem to be contain a low density of dislocations in Fig. 3 . It should be emphasized that nanocrystalline austenite with fully annealed morphologies was formed in the heat treatment above A s temperature within 600 s. DSC measurements indicated that the A s temperature of the 2, 5, 10-rotation HPT-processed specimens was 530, 520 and 520°C, respectively. Once the heat-treatment temperature reached to A s temperature, the reverse transformation from martensite induced by HPT deformation to austenite would occur in a relatively short period. HPT processing introduced a high density of lattice defects to the deformation-induced martensite crystals, so that a number of austenite was considered to nucleate to form nanocrystalline austenite. It should be noted that there still remained some highly deformed austenite in the HPT-processed specimens (Fig. 1) . The retained austenite was considered to recrystallize during post-deformation annealing. The highly deformed austenite caused large number of recrystallization nuclei to form nanocrystalline austenite as well. It can be concluded that the formation of nanocrystalline austenite in this study is attributed to the reverse transformation of deformationinduced martensite and the recrystallization of highly deformed austenite both with high frequency of nucleation.
Results and Discussion
For metastable austenite with high thermal stability, simple heavy deformation like cold rolling and subsequent heat treatment could be used to refine the austenitic grain size.
1416) However, metastable austenite with low thermal stability would experience martensite transformation in the early stage of deformation, which would prohibit the further introduction of strain and deteriorate the grain refinement in the following heat treatment. In the study by Takaki et al., 10, 11) the minimum average grain size of fully recrystallized austenite obtained through 90% cold rolling and subsequent heat treatment in an 18Cr9Ni (mass%) austenitic steel was around 1.8 µm. Lee et al. 9) produced nanocrystalline austenite with minimum average grain size of around 400 nm by using a repetitive thermalmechanical process, but Formation of Fully Annealed Nanocrystalline Austenite in FeNiC Alloythe austenite was not fully recrystallized but contained high density of dislocations. The minimum average grain size of the fully recrystallized austenite obtained in this study is around 400 nm ( Fig. 2(b) ), which is much finer than those obtained previously. Figure 4 shows the mean grain size of the newly formed austenite in the specimens HPT-processed to different shear strains and subsequently heat-treated at different temperatures for 600 s. The grain size of austenite decreased drastically from 35 µm in the starting material to ultrafine grain sizes smaller than 2 µm by HPT processing and subsequent heat treatment. At each heat-treatment temperature, the grain size decreased to 400 nm with increasing HPT strain when the shear strain was below 50, while the grain size rather increased with shear strain when the shear strain was above 50 and the annealing temperature was 550 or 570°C. From the microstructural observation shown in Fig. 2(f ) , it is clear that the preferential grain growth of particular grains is responsible to this increase in the grain size. The increase in the austenitic grain size with increasing shear strain might be also related to A s temperature. A s was mentioned above, the A s temperature slightly decreased with increasing HPT strain, which might induce the increase in the austenite grain size during the heat treatment at a constant temperature. It can be concluded that when the shear strain is smaller than 50, larger plastic deformation leads to finer austenite grains in reverse transformation, while the heterogeneous grain growth rather increases the grain size with increasing HPT strain when the shear strain is above 50.
Conclusions
In summary, it was firstly found in the present study that nanocrystalline austenite with fully annealed grain structures could be obtained. A metastable austenitic steel Fe24Ni 0.3C (mass%) was heavily deformed by HPT and then subsequently heat-treated. The HPT-processed specimens exhibited lamellar structures of deformation-induced martensite and severely deformed austenite. Subsequent heat treatment caused the reverse transformation from the deformation-induced martensite, which was also heavily deformed after transformation, to austenite and the recovery/ recrystallization of retained austenite highly strained, resulting in the fully austenitic structures with equiaxed and fully annealed morphologies of which mean grain size varied from 400 nm to 1.7 µm. The nanocrystalline austenite had a high fraction of HAGBs and low dislocation density. The grain size decreased with increasing HPT strain when the shear strain was below 50, while it increased with the HPT strain when the shear strain was above 50. It should be emphasized that the nanocrystalline structures obtained by SPD are deformation microstructures essentially, which has sometimes restricted the enhancement of mechanical properties and the fundamental consideration about various properties of nanocrystalline materials. The present grain size of about 400 nm is one of the minimum grain sizes in fully recrystallized microstructures, which would be useful to widen the possibilities of nanocrystalline materials and the fundamental understanding for them. Fig. 4 Effect of shear strain in HPT and subsequent heat treatment temperature on the average grain size of newly formed austenite.
